Salivary macromolecules infiltrate white and brown spot enamel lesions and adsorb onto hydroxyapatite. Calcium-binding salivary proteins such as statherin hinder remineralization of these lesions. We assessed whether bleaching agents can remove salivary components that have infiltrated and bound to experimental subsurface lesions in bovine enamel prepared by immersing specimens in acid and then human saliva. Transversal microradiography showed that such demineralized lesions mimicked incipient carious lesions. Bound proteins to the experimental and untreated control specimens were eluted in a stepwise manner with phosphatebuffered saline, 0.4 M phosphate buffer, and 1 M HCl. SDS-PAGE of dialyzed extracts showed that specific salivary proteins bound to the lesions, while virtually no protein bands were detected if the specimens were bleached. Western blotting showed that even statherin, which was more firmly bound than other proteins, was removed. In-office bleaching agent may be useful in treating enamel lesions for removing proteins bound to these lesions.
INTRODUCTION
On freshly extracted, clinically sound teeth that have been washed and dried, the proximal subcontact area often shows either a brown or an opaque white spot. Each represents an earlier caries lesion that had progressed approximately to subsurface lesion stage 1) . The FDI World Dental Federation has recommended that white enamel spots should not be treated invasively, but rather by remineralization therapy 2) . At present, treatments consisting primarily of infection and plaque control, fluoride application and patient education under careful observation, are generally accepted for remineralization therapy 3) . Innovative methods to remineralize these lesions have not yet been established. Even under circumstances favorable for remineralization in vivo, early carious lesions may fail to achieve remineralization. The proteins in human saliva, such as statherin, a tyrosine-rich acidic peptide, acidic proline-rich phosphoproteins (PRPs), or albumin, may hinder remineralization by infiltrating into the lesions [4] [5] [6] . The involvement of such proteins, however, remains unclear because of the lack of any appropriate assay system. Treatment of incipient carious lesions of human enamel in vitro with hypochlorite solution, an efficient deproteinizing agent, was shown to significantly increase the amounts of 45 Ca ion compared with nontreatment 7) . Also, treatment with 5% phosphopeptide amorphous calcium fluoride phosphate (CPP-ACFP) alone substantially increased the mineral content of human natural enamel lesions to restore 44.8% of the missing mineral, however pre-conditioning of the natural enamel lesion with 5.25% hypochlorite solution before 5% CPP-ACFP treatment increased mineral uptake to 80.1% of the missing mineral 8) . In addition, we reported that reaction with 30% hydrogen peroxide resulted in the fragmentation or covalent dissociation of certain component proteins of unstimulated whole saliva 9) . Various salivary proteins have been found to benefit teeth and the maintenance of oral health 10) ; e.g. by protecting against tooth wear, inhibiting spontaneous calcium phosphate crystallization in the formation of calculi, controlling microbial adherence, and inducing permselective ion transport. Salivary proteins have also been implicated in the continuation of remineralization by reducing excess mineral gains at the surface layer in the presence of fluoride 11) . In addition to preventing undesirable precipitation of calcium phosphate, we speculated that these proteins can inhibit desired remineralization of subsurface lesions. The aim of this study was to characterize the salivary proteins that bind to experimental subsurface lesions, and to assess the ability of a 35% hydrogen peroxide based in-office bleaching agent to remove these proteins.
Chemical alteration by tooth bleaching of human salivary proteins that infiltrated subsurface enamel lesions -Experimental study with bovine lesion model systems- 
MATERIALS AND METHODS
The study outline is shown in Fig. 1 Tooth specimens and demineralization procedures Twenty-eight enamel slabs, measuring 4×3 mm, were cut from bovine lower incisors using a diamond saw (Well 3242; Walter-Ebner, Mannheim, Germany). The surfaces of the slabs were sequentially flattened using 1,500 and 2,000 grit waterproof abrasive paper (Fuji Star; Sankyo Rikagaku, Co. Ltd., Saitama, Japan). Each slab was coated with acid-resistant varnish, exposing an approximately 3×2 mm window. Simulated white spot enamel subsurface lesions were prepared by immersing the slabs in 100 mL of demineralization solution (1.5 mM calcium chloride, 0.9 mM potassium dihydrogen phosphate, 0.1 M acetic acid, pH 4.6) 12) for 4 days at 37˚C. To confirm the generation of these enamel lesions by transversal microradiography (TMR), two enamel specimens were embedded with Spurr resin (LowViscosity Embedding Kit; Polisciences, Inc., Warrington, PA, USA). Three 150 µm sections were cut perpendicular to the enamel surface of each specimen using a wire saw, and each section was radiographed with a 13-step aluminum wedge on a high-resolution glass film plate (High-Resolution Plate; Konica Minolta, Tokyo, Japan) at 15 mA and 25 kV for 20 min (PW 3830; Spectris, Surrey, UK) 13) .
Saliva infiltration and Raman microspectroscopic analysis
About 20 mL of unstimulated whole saliva 14) was collected from a healthy female donor aged in her 30's 2 h after breakfast and tooth brushing, during which time she did not eat or drink. The collected saliva was kept on ice until use. The study protocol was approved by the institutional review board of Kanagawa Dental College, presently Kanagawa Dental University (No. 160), and the donor provided written informed consent.
The enamel specimens were immersed in 8 mL fresh saliva containing 0.02% sodium azide at 37˚C for 5 days, with the saliva replaced daily. The enamel specimens were immersed in ice-cold 20 mM phosphate buffer, pH 6.8, for 100 min with gentle stirring to remove loosely bound extra-salivary organic matter from the specimen surfaces. The buffer was replaced after 10 min and again after another 30 min.
Some of the enamel specimens that were exposed, and some that were not exposed, to saliva were cut in half through the lesions with a wire saw. The cut surfaces were rinsed with deionized water and analyzed by confocal laser Raman microspectroscopy (Nicolet Almega XR Dispersive Raman micro spectroscope system; Thermo Fisher Scientific, Inc., MA, USA) 15, 16) with a high-brightness, low-intensity laser operating at 780 nm. The peak heights of the ν 1 (959 cm −1 ), ν2 (430 cm −1 ), and ν4 (580 cm −1 ) phosphate peaks as well as the peak height of a B-type carbonate substitution at 1,072 cm −1 , were measured. Organic matter was assessed by measuring the peak heights of amide I (1,610 cm −1 ), amide III (1,360 cm −1 ) and CH2 wag (1,446 cm −1 ).
Bleaching protocol
The enamel specimens were treated with the in-office bleaching agent Hi-Lite (Shofu, Kyoto, Japan) ( 
Recovery of salivary proteins and SDS-PAGE
Proteins were sequentially eluted from enamel subsurface lesions by repeated pipetting for 3 min each time with two 10 µL aliquots of 10 mM phosphatebuffered saline (PBS, pH 7.0), two 10 µL aliquots of 0.4 M phosphate buffer (pH 6.8) and two 10 µL aliquots of 1 M HCl 17) . Each set of extracts from the twelve enamel specimens, with a total surface area of 72 mm 2 (total volume 240 µL) was pooled, dialyzed against deionized water at 4˚C and concentrated for further analysis. One-quarter aliquot of each eluate, as well as a sample of whole saliva, was electrophoresed in a 15% to 20% gradient polyacrylamide gel and stained with Gel Code Blue Stain (Thermo Fisher Scientific, Inc., MA, USA).
Western blotting analysis
Following SDS-PAGE, the proteins in the gels were electrotransferred at 400 mA for 90 min to Immobilon-P membranes (Milipore Corp., Billerica, MA, USA) in transfer buffer (25 mM Tris-HCl, 190 mM glycine, 20% methanol, pH 7.5). After blocking in 5% skim milk-PBS containing 0.1% Tween 20 (PBST) at pH 7.6 for 1 h, the membranes were incubated for 1 h with primary antibodies in PBST, including goat polyclonal anti-human statherin (Statherin N-16; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) antibody sc-28112 (1:20,000); goat polyclonal anti-human serum albumin antibody ab19183 (Abcam, Cambridge, UK) (1:30,000); and rabbit monoclonal anti-α-amylase antibody D55H10 (Cell Signaling Technology, Inc., MA, USA)(1:10,000). The membranes were washed three times with PBST and incubated with horseradish peroxidase (HRP)-linked donkey anti-rabbit antibody (ECLTM rabbit IgG; NA934; GE Healthcare, Buckinghamshire, UK) and HRP-linked anti goat antibody (HAF017; R&D Systems, Inc., MN, USA), each diluted 1:2,000 in PBST. After three 5 min washes in PBST, the blots were developed with a chemiluminescent substrate Immunoster LD (Wako Pure Chemical Industries, Ltd., Osaka, Japan) and images were recorded with a LAS-3000 imaging system (Fuji Photo Film Co. Ltd., Tokyo, Japan).
RESULTS

Saliva infiltration and Raman microspectroscopic analysis
TMR showed marginal surface layers and subsurface lesions, resembling natural incipient carious lesions ( Figs. 2A-1 and 2 ). In the absence of saliva, Raman microspectroscopy of the surface layer (Fig. 2B) and at a depth of 80 µm (Fig. 2C) showed PO 4 3− ν1, ν2, and ν4, and CO3 2− peaks. Following exposure to saliva, however, the intensities of organic peaks, such as those of amide I, amide III, and CH 2 wag, increased at both depths.
SDS-PAGE profiles of proteins recovered from subsurface lesions
Staining of proteins in the control unbleached groups showed that only specific salivary proteins had infiltrated and were recovered from the lesions (Fig. 3,  lanes 1, 3, and 5 ). Bands equivalent to those recovered from the control groups were not present in the specimens that had been bleached (Fig. 3, lanes 2, 4 , The samples were electrophoresed similar to Fig. 3 on SDS-PAGE and blotted onto PVDF membranes. As described in Materials and Methods, the membranes incubated with primary antibodies against (A) statherin, (B) albumin, and (C) amylase were subsequently treated with secondary antibody to detect the cross-reactive protein bands, which were visualized with an ECL substrate. and 6). Most proteins were eluted from the unbleached lesions with 0.4 M phosphate buffer (Fig. 3, lane 3) , with fewer eluted with 10 mM PBS and 1 M HCl. No protein band of molecular size similar to that of statherin (approximately 6 kD) was observed.
Western blotting analysis of proteins recovered from subsurface lesions
Western blotting revealed that the proteins extracted from the lesions reacted with antibody against statherin (Fig. 4A, lanes 1, 3, and 5 ). This reaction was stronger in the HCl than in the other extracts, but could not be detected in extracts from the specimens that had been bleached (Fig. 4A, lane 6 vs. 5). The profile of HCl extracts (Fig. 4A, lane 5 ) was similar to that of the whole saliva (Fig. 4A, lane 7) . The staining profile of whole saliva showed a large amount of statherin bound to proteins in the molecular size ranges of salivary mucin (MG1), albumin and other proteins of lower molecular weight. In contrast, serum albumin was eluted with 0.4 M phosphate buffer (Fig. 4B, lane 3) . Several protein bands reacted strongly with antibodies against statherin and albumin (Figs. 4A and B ), but not with antibody against amylase (Fig. 4C, lanes 1, 3, and 5 ). Although essentially no amylase was retained in the lesions (Fig.  4C, lanes 1-6) , amylase was detected in whole saliva (Fig. 4C, lane 7) .
DISCUSSION
We have shown here that only certain salivary proteins infiltrate and adhere to experimental enamel subsurface lesions, which mimic "white spots on teeth". TMR and Raman microspectroscopy showed that these proteins had penetrated deep into the subsurface lesion. Most of these bound proteins, however, could be removed using an in-office bleaching agent. More than 40 different proteins and peptides are present in saliva 18) , with certain proteins such as statherin having strong affinity for hydroxyapatite (HA) and inhibiting the growth of apatite crystals [19] [20] [21] [22] [23] [24] . The concentration of statherin, which has similar proline content as proline rich proteins (PRPs), is sufficient to maintain a stable supersaturated HA solution 25) . The key activity of statherin is thought to be prevention of the spontaneous and undesirable precipitation of calcium phosphate in salivary gland ducts and on tooth surfaces as dental calculi 26) . The extremely high affinity of statherin to calcium phosphate likely inhibits any undesirable precipitation 27) . Due to the high affinity, statherin likely hinders remineralization of subsurface lesions by masking HA binding sites for crystal growth.
We found that treatment of experimental lesions with the bleaching agent removed proteins, including statherin, that had infiltrated into the subsurface lesions. Statherin and other small PRPs in saliva have been reported to adsorb to HA within a few min of contact, subsequently inhibiting crystal growth [28] [29] [30] . In agreement with a previous report 31) , our western blotting experiments showed that an anti-statherin antibody recognized proteins of different molecular sizes from that of statherin itself, not only in whole saliva but also in materials recovered from lesions with eluents of different ionic strength. The strong oxidizing action of free radicals generated from H 2O2 32) can degrade or alter the binding of statherin. H2O2 has been reported to severely fragment proteins such as myosin, but not lysozyme. Conversions of histidine into aspartic acid, as well as the loss of methionine, tyrosine, cysteine, and proline, may be involved in the cleavage of peptide bonds 33, 34) . Statherin, which contains 62 residues, is rich in proline (7 residues) and methionine (3 residues) 35) and may be degraded into small fragments, as is myosin 33) . Indeed the in-office bleaching agent we used, whose active ingredient is a high concentration of H 2O2, was shown to be effective for bleaching 36) . We showed that application of this agent to enamel subsurface lesions did not aggravate the lesions 37) . Also, remineralization solution or natural human saliva could eliminate the demineralization effect caused by in-office bleaching agents 38, 39) . Furthermore, high-concentration hydrogen peroxide generated preferential mineralization in the deeper region and subsequently overall enhanced mineralization 40) . Our findings suggest that the in-office bleaching agent containing 35% H2O2 removes organic components infiltrated into the incipient enamel lesions, namely white and brown spots, safely and effectively.
We found that this in-office bleaching agent could alter or remove statherin, a salivary protein that accumulates by tightly binding to subsurface lesions. Its breakdown or removal may enhance the remineralization of these lesions. Future studies should assess the ability of mineral supplying substances, applied after bleaching, to prevent the re-adsorption of salivary proteins.
CONCLUSION
Salivary proteins accumulated in artificial subsurface lesions were removed by an application of in-office bleaching agent. Dissociation of statherin by bleaching agents could be potentially useful in preparing white and brown spot enamel lesions for remineralization.
